Abstract Due to their adjuvant effect and their ability to chaperone tumor-associated peptides, heat shock proteins constitute a potent alarm signal for the immune system and can lead to activation of anti-tumor T-cell immunity.
Introduction
Heat shock proteins (HSP) constitute a highly conserved group of proteins involved in many vital chaperoning processes such as protein folding, transport, or antigenic presentation. HSP are abundantly expressed intracellularly, but have also been described at the cytoplasmic membrane of tumor or virally infected cells (Bolhassani and Rafati 2008) . They are also found in the intercellular space under various physiological situations (Abe et al. 2004; Nakajima et al. 2009; Njemini et al. 2003; Rea et al. 2001) , including cell necrosis (Basu et al. 2000) . One of the main functions of intracellular HSP is tissue protection against otherwise lethal injuries by induction of protective mechanisms including inhibition of apoptosis (Garrido et al. 2006) . Moreover, extracellular HSP are thought to be a major danger signal for the immune system and indeed, binding of HSP-70 leads to activation and maturation of dendritic cells (den Brok et al. 2006; Dromi et al. 2009 ). As a consequence, HSP are involved in various immunological processes including anti-cancer immune responses (Calderwood et al. 2007; Srivastava 1994) . During infection, prokaryotic HSP constitute a major antigen recognized by the host immune system (Burnie et al. 2006; Mustafa et al. 1993 ). Moreover, due to their ability to chaperone antigenic peptides, hostderived HSP are involved in antigen-specific immunity (Blachere et al. 1993 (Blachere et al. , 1997 and HSP preparations derived from tumor or virally infected cells induce antigen-specific immunity in animal models (Arnold et al. 1995; Srivastava 2002) . The pathways involved in HSP-related immunogenicity essentially include cross-presentation of antigenic peptides on membrane MHC class I molecules expressed on antigen presenting cells to CD8 + effector cells, but also direct loading of HSP-derived peptides onto MHC class II for the activation of CD4 + helper T cells (Calderwood et al. 2005; Figueiredo et al. 2009 ). Thus, because HSP combine adjuvant and antigen-specific signals, they play a key role in activating the immune system, a peculiar property that could be harnessed in anti-cancer therapy (Figueiredo et al. 2009; Testori et al. 2008) .
During radiofrequency (RF) ablation, alternating current leads to frictional heating and to a local increase in temperature above 60°C resulting in immediate cell death, essentially by coagulative necrosis. This process actively continues several days to weeks after the treatment itself (Clasen et al. 2008; Pereira 2007) . In the tissue adjacent to the necrotic area, the temperature is lower and creates cellular stress conditions. Inside this so-called transition zone, cellular metabolism still occurs (Frich et al. 2006) . Animal studies showed that HSP expression in tumor cells increases shortly after RF ablation (Yang et al. 2004 ). Moreover, immunochemistry analyses revealed that HSP-70 is expressed in the transition zone surrounding coagulated liver tissue up to 5 days post-RF ablation (Rai et al. 2005; Schueller et al. 2004a) . Finally, increased expression of HSP-70 has been reported in human liver biopsy material obtained 24 h after RF ablation (Schueller et al. 2004b) .
The aim of our study was to evaluate whether soluble HSP-70 can be detected in the patient's serum shortly after RF ablation, and whether HSP-70 serum levels correlate with patient characteristics and clinical parameters.
Materials and methods

Patient characteristics
This study was approved by the institutional ethics committee of the University of Tuebingen, Germany. All patients gave their written informed consent before entering the study. Twenty-two patients (Pat) who were treated at the institution of the authors between 2003 and 2005 using percutaneous RF ablation for primary or secondary malignancies of liver, lung, and kidney were included. Clinical characteristics are summarized in Table 1 . The cohort comprised 16 men and six women, with a mean age of 63 years (range: 28-81 years) at the time of their first RF ablation. Twelve patients suffered from colorectal carcinoma and four from hepatocellular carcinoma. The remaining patients were treated for manifestations of renal cell carcinoma (n=2), cholangiocellular carcinoma (n=1), neuroendocrineous carcinoma of the pancreas (n=1), carcinoma of the adrenal gland (n=1), and choroidal melanoma (n=1).
Eighteen patients were treated for lesions in the liver, two for kidney tumors, one suffered from lung metastases, and one had both lung and liver metastases. During the study, 13 patients received one RF application, eight subjects had two consecutive ablations, and one was treated three times during a 4-month period. In addition to RF, patients received the standard therapy regimens according to clinical guidelines.
Follow-up visits (including magnetic resonance imaging (MRI) examinations) were scheduled 4 weeks after RF ablation followed by regular controls at 2-3 month intervals. The patients preferably received MRI scans for follow-up.
Study follow-up was terminated 3 years after the first RF ablation of the last patient included in the study. By the end of the follow-up, seven patients had died and ten patients revealed a stable disease including one individual (Pat XXI) who developed a new tumor entity (lung cancer) unrelated to the RF diagnosis. Five other patients suffered from tumor progression.
Twenty patients (13 men and seven women with a mean age of 50 years, range 20-70 years) who underwent diagnostic liver biopsy were also investigated to assess possible HSP release in stress situations due to liver (Table 1 ). This control group was intentionally matched to the RF group according to the interventional procedure. However, it has to be noted that patients in the control group were significantly younger than patients in the RF group (63 vs. 50 years, p=0.002). Biopsy indications were B and C chronic viral hepatitis (n=6), hepatocellular carcinoma (n=6), primary biliary cirrhosis (n=2), metastases (n=2), primary sclerosing cholangitis (n=1), steatohepatitis (n=1), ethylic liver cirrhosis (n=1), and rejection after liver transplantation (n=1). The supportive medication (local anesthesia) was similar to that received by patients included in the experimental group.
Radiofrequency ablation
The 22 patients received a total of 32 RF ablation sessions (one to three treatment sessions) with the ablation of 47 lesions (one to five ablated lesions per session). For all procedures, we used an impedance-controlled monopolar ablation system with MR-compatible electrodes (Tyco Healthcare, Burlington, MA, USA) and a monopolar ablation system with an umbrella electrode (LeVeen, Boston Scientific, USA). The supportive treatment was similar for all patients, including midazolam and pethidine for analgosedation as per the clinical standard doses depending on the patient's needs. Local anesthesia was performed with lidocaine 1%. No other treatment-related medication was applied.
The tumor volume, extent of the tumor lesions, size of the coagulative necrosis after RF ablation and dimensions of the ablated non-malignant tissue were assessed using CT scans or MR imaging. Volumes were calculated using the formula π/6×[length]×[depth]×[width].
Serum preparation and HSP-70 measurements
Blood samples were obtained at consecutive time-points for each patient. The first sample was collected on the day of treatment before RF ablation (day 0) and the second the next morning (day 1). In the case of Pat IV, serum obtained before the second RF ablation was collected 1 day before the intervention. A third sample was generally taken during the first regular follow-up visit 1 month after RF ablation; additional samples were obtained during control visits at 2 to 3-month intervals (not shown). In one case, an additional serum sample was taken on day 3 after RF (Pat XXII). Altogether, for 29 of the 32 sessions, 58 serum samples from two consecutive days pre-and post-RF ablation were available and 34 sera were obtained at later time points. Sera from patients of the control group were obtained at day 0 just before the biopsy and at day 1, using a procedure similar to that used for patients of the RF ablation group. Blood samples were allowed to coagulate for 4 h at room temperature and serum was collected after two consecutive centrifugation steps at 760 g and 4°C. Sera were stored at −80°C and thawed at 4°C before testing.
Detection of inducible HSP-70 (HSP70A1A; Kampinga et al. 2009 ) was performed with an HSP-70 ELISA kit (EKS-700, StressGen Biotechnologies Corporation, Victoria, Canada), according to the manufacturer's instructions. Fluorescence quantification was done at 450 nm including a correction wave length of 540 nm using a SPECTRA-MAX 340 ELISA reader (Molecular Devices Corporation, Sunnyvale, CA, USA). All serum samples were diluted 1:2 and measured in duplicates, whereby all sera obtained from each patient were assessed in the same experiment. Mean HSP-70 serum levels were calculated using a standard curve obtained by serial dilution of recombinant HSP-70 protein provided with each kit and included on each individual plate. Test sensitivity had been determined by the manufacturer as being 540 pg/ml. Since the dilution factor was 1:2, we estimated the detection threshold of our test to be approximately 1.0 ng HSP-70/ml serum.
Statistical analyses
Mean HSP-70 serum levels were calculated for all patients with detectable serum HSP-70 levels (RF ablation group for day 0, n=26; for day 1, n=26; and for the first regular follow-up visit, n=23). Differences in RF HSP-70 serum levels were tested using a two-sided Student's t test and p values lower than 0.05 were considered significant. Paired and unpaired t tests were used for comparing pre-and post-RF HSP-70 levels in the RF-treated patients and HSP-70 levels of the control versus RF groups, respectively. T tests were performed for all patients with detectable HSP-70 in the serum (comparison pre-and post-RF, n=24 patients; comparison first regular follow-up visit and pre-RF, n=22 patients).
Correlations between HSP-70 levels and patients' clinical and laboratory parameters were tested by performing regression analyses and determining R 2 values. R 2 values higher than 0.95 were considered significant. Table 2 shows patient individual HSP-70 measurements pre-RF (day 0 for all but one patient) and at day 1, as well as the ratio day 1/pre-RF. Five patients had no detectable HSP-70 before or directly after RF (<1 ng/ml). In the other cases, mean level of HSP-70 was 4.6 ng/ml before (SD 3.0, range 1.1-12.8 ng/ml) and 7.3 ng/ml after RF treatment (SD 4.6, range 1.3-16.4 ng/ml). Altogether, the serum level of HSP-70 in the whole group was significantly higher 1 day after treatment than before treatment (paired t test, p= 0.001, see Table 1) , with a mean ratio pre-versus post-RF of 1.7. An increase in the HSP-70 level of more than twofold was observed in a large proportion of the patients (41%, n=9 patients) and of RF interventions (42%, n=10 from 24 sessions). The strongest induction was observed in patients II and XX, with a 3.1-fold increase at day 1. In two patients (III and XVII), HSP-70 was detectable in the serum only after treatment.
Results
HSP-70 release in patients treated with RF ablation
We then analyzed 34 serum samples obtained during follow-up control visits (Table 2 and data not shown, time points between 2 and 8 months after RF ablation). In most patients, HSP-70 serum levels had returned to reduced, often lower than baseline, levels 1-5 months after treatment (mean 3.4 ng/ml, p=0.004, Table 1 ). Afterwards, HSP-70 measurements remained generally stable. In two cases, serum samples were collected 1-2 weeks following intervention and showed HSP-70 levels similar to those found before or at day 1 after intervention (7.7 ng/ml on day 0 and 7.7 ng/ml on day 3 for Pat XXII, see also Fig. 1 ; <1, 1.4, and 1.7 ng/ml, for Pat XVII at days 0, 1, and 11, respectively). Figure 1 exemplifies the results obtained from four characteristic patients. In Pat II, a strong increase in HSP-70 serum concentration was observed after the first two sessions of RF ablation (3.1-and 2.0-fold increase, respectively), whereas a weaker, but still above average change occurred after the third procedure (fold increase, 1.7). Pat XVI had a high HSP-70 baseline serum level (day 0, 6.9 ng/ml) which remained unchanged after the first ablation (day 1, 7.0 ng/ml). However, this level was significantly increased after the second treatment 3 months later (day 0, 5.4 ng/ml; day 1, 12.8 ng/ml) and had returned to baseline values 1 and 4 months thereafter (4.1 and 4.3 ng/ml). In Pat XXII, the HSP-70 level was clearly enhanced 1 day after RF (fold increase, 2.1) but had returned to its baseline value 3 days later (day 0, 7.7 ng/ml; day 1, 16.4 ng/ml, and day 3, 7.7 ng/ml). In contrast to these donors, no change in the HSP-70 levels was observed in Pat XIX. Altogether, we found that HSP-70 is released into the blood of patients undergoing tumor ablation, with a more than twofold increase in serum levels in a subgroup of patients. Our observations suggest that the HSP-70 serum level peaks approximately 1 day after treatment and return to lower levels several days thereafter.
HSP-70 serum level in patients receiving liver biopsy
We then considered whether these changes in HSP-70 serum levels were specific for RF ablation or reflected physiological stress. For this, we analyzed 40 serum samples from 20 patients who underwent liver biopsy for diagnostic purposes. In this group, HSP-70 could not be detected in the serum either before or after RF ablation (Table 1) .
Of note, two patients in this group presented with conditions which could have led to an increased HSP-70 blood level. One of those suffered from rapid tumor progression resulting in an increase in bilirubinemia, Fig. 1 HSP-70 cholestasis, and cholangitis on the day of the liver biopsy which necessitated an endoscopic retrograde cholangiopancreaticography and systemic therapy. This should be regarded as an additional stress factor. The second patient suffered from cytomegalovirus encephalitis with systemic signs of active inflammation at the time of biopsy. Despite these inflammatory conditions, no HSP-70 could be detected in these two patients (<1 ng/ml).
Importantly, diagnostic biopsy did not lead to a detectable systemic release of HSP-70 in the patient's serum suggesting that the HSP-70 production observed in patients receiving RF is specific for this treatment and not due to stress factors associated with general clinical intervention.
HSP-70 serum levels, patients' characteristics, and laboratory findings Since the amount of HSP-70 in the serum has been reported to be influenced by several physiological conditions, we next analyzed whether HSP-70 serum levels could be associated with patients characteristics or with clinical parameters in the two investigated cohorts. When available, we analyzed total cholesterol (RF group, n=10; control group, n=14 patients), blood glucose (RF group, n=13; control group, n=11 patients), as well as body weight (RF group, n=22; control group, n=17 patients), height (RF group, n=18; control group, n=15 patients) and body mass index (RF group, n=18; control group, n=15 patients). A tendency to higher, albeit not significant, total cholesterol was observed for the RF group as compared to the patients undergoing biopsy (mean total cholesterol: 190 and 170 mg/dl for the RF and biopsy group, respectively, p= 0.3). All other parameters were not significantly different between the two patient groups (data not shown). Moreover, no correlation could be observed between any of these parameters and HSP-70 serum levels (data not shown).
HSP-70 serum level and clinical data
We then determined the extent to which the release of HSP-70 in the serum possibly correlates with the volume of the tumor lesions, the volume of RF-induced necrosis and the estimated volume of the ablated non-malignant tissue. The mean volume of the tumor lesions was 9.23 cm³ (range 0.11-37.5 cm³). The mean volume of total ablated tissue was 36.3 cm³ (range 7.95-104.38 cm³). Therefore, the calculated mean volume of ablated non-malignant tissue was 27.1 cm 3 , leading to a tumor: non-malignant tissue ratio in the ablated lesions of 1:3. We found no correlation between the changes in HSP-70 concentration (i.e., ratio: day 1/day 0) in the pre-and post-RF patient's sera and these clinical values (R 2 <0.1 for all three parameters, data not shown).
Finally, we followed the clinical course of the disease after RF intervention. Patients were monitored for a mean time period of 30 months (range 3-49 months) after the first RF ablation (Table 2) . Interestingly, six of the nine patients (67%) who showed at least a twofold increase of serum HSP-70 directly after RF ablation were still alive at follow-up time, all but one with stable disease (only Pat XII had a tumor progression). Three patients had died, the shortest follow-up time being 13 months for Pat II.
Two additional patients who did not present with HSP-70 serum levels above the detection limit before RF ablation had detectable HSP-70 in the serum 1 day after RF ablation. One of these patients had progressive disease at the end of follow-up (Pat III); the other died after 3 months due to rapid tumor progression (Pat XVII).
In striking contrast, eight of 13 patients (61%) without detectable increase of HSP-70 serum levels suffered from progressive disease (in contrast to one out of nine-i.e., 11%-in the other group). Four patients had stable disease for more than 3 years; one patient developed a new tumor entity unrelated to the initial diagnosis (Pat XXI).
Since HSP-70 can chaperone antigenic peptides from the cell of origin, this observation raised the question whether the source of HSP-70 could influence the clinical course. In the case of local recurrence (n=9) at the site of previous ablation, it is likely that malignant tissue was left untreated or sublethally damaged in the transition zone. HSP-70 from these cells may carry tumor-associated peptides capable of inducing a specific anti-tumor immune response, whereas HSP-70 from a transition zone located in non-malignant tissue should carry "silent" self-antigen-derived peptides. We estimated the size of this transition zone by calculating the surface of the necrotic area assuming a spherical form of the necrosis. No correlation could be found between the extent of HSP release and the size of this transitional zone (R 2 =0.0187, not shown). In summary, no correlation between HSP-70 release, tumor size, volume of ablated tissue and local recurrence could be observed in this small patient cohort. Although the patient cohort was small, an interesting observation was that clinical outcome was found to be better in the group with significant HSP-70 release than in the group without detectable increase of HSP-70 serum levels.
Discussion
Radiofrequency ablation is being applied increasingly for the treatment of various tumors including hepatocellular carcinoma (HCC), renal cell carcinomas, and metastatic hepatic and pulmonary lesions (Pereira 2007 ) and leads to favorable responses and survival rates comparable to those of patients undergoing surgical resection (Gillams and Lees 2008) . Besides local tumor control, multiple observations indicate that RF ablation enhances anti-tumor immune responses in vivo. An induction of anti-tumor immunity after RF application has been observed, e.g., partial protection against tumor re-challenge can be achieved by treating melanoma-bearing mice with RF ablation and by adoptive transfer of splenocytes from these mice into RFnaïve animals (den Brok et al. 2004) . On the cellular level, activation and maturation of antigen-loaded dendritic cells in the bone marrow and in the periphery was demonstrated (den Brok et al. 2006; Dromi et al. 2009 ), and T lymphocytes obtained from hepatoma-bearing rabbits after RF application did proliferate in vitro in the presence of autologous tumor lysate (Wissniowski et al. 2003) . In patients, increased IFN-γ production by peripheral T cells was observed upon stimulation with autologous HCC tumor lysate and allogenic tumor-cell lines (Zerbini et al. 2006 ). We also recently described that specific stimulation of antibodies and T cells recognizing tumor-associated antigens can occur after RF ablation in cancer patients (Widenmeyer et al. 2010) . One mechanism responsible for such effect of RF ablation on immune effectors could be the in situ expression of danger signals, including HSP (Rai et al. 2005; Schueller et al. 2004a; Schueller et al. 2004b; Yang et al. 2004) . In particular, due to its dual function as danger signal and antigen-chaperone, HSP-70 plays a pivotal role in activating cells of the innate and adaptive immunity Figueiredo et al. 2009; Qiao et al. 2008) .
We investigated the release of HSP-70 into the serum of patients after RF ablation. Baseline levels of HSP-70 were generally higher (mean, 4.9 ng/ml) in this group than in the patients receiving biopsies (<1 ng/ml). Studies using a manufactured ELISA test generally report a significant variation of HSP-70 serum level in healthy donors ranging from less than 1 up to 14 ng/ml (Abe et al. 2004; Adewoye et al. 2005; Fehrenbach et al. 2005; Genth-Zotz et al. 2004; Molvarec et al. 2007; Njemini et al. 2003; Walsh et al. 2001) and thus comparable to the levels that we found. Several physiological conditions may influence these levels, such as ageing (Rea et al. 2001) , pregnancy (Molvarec et al. 2007) or physical exercise (Fehrenbach et al. 2005; Walsh et al. 2001) . Additionally, pathologic situations such as acute infection or heart failure have been shown to increase the level of HSP-70 measured in the blood (Genth-Zotz et al. 2004; Njemini et al. 2003) . One report describes a modest elevation of HSP-70 in the serum of patients with localized prostate carcinoma (mean: 0.8 ng/ml) as compared to a control group of healthy donors (mean: 0.5 ng/ml; Abe et al. 2004 ). We could not observe any correlation between HSP-70 serum levels and the patients' characteristics or laboratory and clinical parameters tested. Although obtained in a relatively small cohort, our data suggest that ageing patients with advanced tumors may have elevated serum HSP-70 levels, possibly reflecting ongoing inflammation associated with tumor burden.
Interestingly, we observed a more than twofold increase in the serum HSP-70 levels in a large subgroup of patients (nine of 22 tested) approximately 24 h following RF application. This increase (up to more than threefold) was transient. Results obtained for one patient on day 3 suggest that the peak of HSP in the blood occurs in the few hours after thermal treatment. Although further investigations will be necessary to pinpoint this time window, our results are in accordance with previous findings showing maximal in situ HSP-70 transcription at 10 h (Yang et al. 2004) and protein expression at 24 h (Schueller et al. 2004b ). Other inflammation-related parameters such as, e.g., cytokines TNF-α or IL-6 could also be evaluated directly after RF treatment.
Although liver biopsy and RF ablation procedures are comparable in specific modalities of action and supportive treatment, no patient undergoing biopsy showed a detectable change in serum HSP-70. We therefore concluded that percutaneous RF ablation can specifically induce a systemic release of HSP-70 into the circulation, most probably related to the induction of coagulative necrosis. This was especially observed in a subgroup of patients and prompted us to analyze whether this could be related to the intensity of the RF treatment. However, we did not find any correlation between the increase of HSP-70 serum levels and the coagulation extent. Furthermore, neither the volume of the primary site or histological type of the tumor nor the estimated volume of the ablated non-malignant tissue had any apparent impact on the amount of released HSP-70. Since it has been reported that HSP are expressed on the cells in the transition zone (Rai et al. 2005) or on a small rim immediately adjacent to the final margin of coagulation (Solazzo et al. 2010) , we estimated the size of this transition zone by calculating the surface of the necrotic area assuming a spherical form of the necrosis, but here again, no correlation could be found. Schueller et al. studied the relation between the energy applied, the tissue necrosis, and the in situ expression of HSP-70 and HSP-90. In this model, athymic nude rats were transplanted with a human HCC cell line and subsequently treated with RF ablation. Only a slight statistically significant correlation was observed between the energy applied and tumor necrosis. A tendency for the expression of heat shock proteins to increase according to the extent of tumor necrosis and the RF energy was also noted (Schueller et al. 2004a) .
Since HSP-70 has been reported to be differentially expressed in various tumors (Abe et al. 2004; Chen et al. 2009; Nakajima et al. 2009 ), inter-individual variations in the amount of released HSP-70 may be expected and could explain our findings. Evaluation of a larger cohort may enable the identification of important parameters relating to HSP-70 release.
The most striking observation in our study, although not significant in this small patient cohort, was the difference in tumor progression and survival time between the patients who showed an increase in HSP-70 serum concentrations and those who did not. Since RF ablation has been shown to induce anti-tumor immune responses, it is tempting to hypothesize that the release of HSP-70 in the serum might lead to potent activation of tumor-specific immune responses directed against chaperoned antigenic peptides, thus resulting in a better clinical outcome. Since HSP-70 can chaperone antigenic peptides from the cells from which it originated, it might carry tumor-specific antigens when arising from sublethally damaged malignant tissue. In vitro experiments have shown that the HSP released into supernatants after hyperthermia carry peptides from tumor cells (Ito et al. 2006) . Our results indeed suggest a protective function of HSP-70 release after tumor cell destruction, rather than supporting previous findings reporting tumorigenic properties of HSP overexpression in tumor cells (Garrido et al. 2006) .
The controlled necrosis induced by a locally placed surgical instrument inside the tumors-even more when applicated with fluid-could lead to optimal release of HSP and endogenous anti-tumor immunization. RF ablation represents the ideal tool to induce this controlled necrosis since it can be performed under imaging guidance and allows not only a precise assessment of the extension of the necrosis, but also the application of fluid into the tumor. Precise definition of the technical conditions leading to optimal release of tumor cell content may establish this technique as a novel module in cancer immunotherapy (Srivastava 2003) . Although the results are still preliminary, our study provides the possibility of testing in a large patient cohort whether measurement of HSP-70 serum levels could be used as a relevant biomarker for RF ablation efficacy.
